
1 

- ~ .. 
- ACR No. 5120 

c I-- --- - I 

NUV 1 5  3945 
NATIQNAL ADVISORY COMMITTEE 

8 &>. 

-3. FOR AERONAUTICS 

dmes A e r o n a u t i c a l  Laboratory 
M o f f e t t  F i e l d ,  Calif, 

M 

Washington 
October 1 9 4 5  

I 



! 

AX ZXkS3fkZXTAL I N V H S T I G A T I O N  OF B A C A  
. .  . .  

I 

.~ SUBEtL3 GE3-DU CT E 3  T3A9CZS 

3~ ,Cha r l e s  ,it. T r i c k ,  Wallace F. D a v i s ,  
L ~ U I O E  k, R a n d s l l ,  and Emmet A ,  N,fossman 

r -  

sx:.lL! 3SY 
. .  

c 

The r s s u l t s  o f  ;I p r e l i K i n s . r y  i n v e s t i g a t i o n  of submerged- 
d u c t  ' e n t r a n c e s  mi, p r e s e n t e d .  It  i s  shown t h E t  a n  o n t r s n c o  
of  t h i s  t y p o  p o s s o s s a s  d o s i r a b l e  c r i t i c a l  s p o r d  a n d  p r o s s u r o -  
r o c o v o r y  c t 3 r a c t e r l s t i c s  when u s e s  o n  n f u s e l a g e  o r  nacr . l . l e  
i n  3 r e g i o n  o f  l o w  i t c r s m e n t n l  v ' e l o c i t y  aad t h i n  boundary  
l- .yer.  The d z t a  o , 'o ts ined i n d f c ? , t e  t k z t  snbmer-ged e n t r c n c e s  
3 r e  R O S ~  s j l i i t i h l e  f o r  u s e  w i t h  ' i n t e r n a l - f l o w  syr ( tems whfch' 
d i f f u q e  t h e  c i r  only a s m a l l ' h m o u n t :  f o r  e x a a p l e ,  t h o s e  u s e d  
w i t h  j e t  mc, ' ;ors  whjcfi have ax* ia . lL f low c o n p r e s s d r s .  Where C o w  
p l e t e  d i f f u s i o n  o f  t h e  air i s  r e q u i r e d ,  fusslege-nose o r  w i n g -  
l ead in ' f - edgz  i n 1 " d t z  may p r o % e  :'to' Dc, s u p e r i c r .  

The r e s u l t s  of t h e  i n v e s t i g 3 t i o n  h a v e  been p r e p a r e d  i n  
such n . form 2,s t o  p e r a i t  t h e i r  u s e  b y  a d e s i g n e r  and % h e  
a y p l f c F . - t i o a  of  t h e s e  d a t a  t o  a s p 2 c i f i c  design i s  d i s c u s s e d ,  

IBTRODUCT IOX _ -  ~ 

' a! 

The u s e  o f  t h e  j e t - p r o ? u l s i o n  m o t o r  has g r e a t l y  i n t e n -  
. _  s i f i e d  t h e  need  for e f f i c i e n t  a i r - i n d u c t i o n  systems f o r  

h igh - speed  a i r c r n f t .  A l t h o u g h  t h e  a i r  q u a n t i t i e s  u s e d  by 
s u c h  m o t o r s  a r e  n o t  g ~ e p t l y  in e x c e s s  of t h e  o v e r - a l l  a i r  ' 

r e q u i r e n e n t s  o f  c o n v e n t i o n n l  a i r c r a f t  e a g i n e s  of e o u i v q f e n t  
kigh-speed t L r * J s t ,  t h c  p e r f o r n s n c e  o f  e . j e t  m o t o r  i s  
a f f e c t e d  t o  a much g r o s t e r  e x t e n t  by p r e s s u r e  l o s s e s  it 
t h e ' a i r - i n d u c t i q n  s y s t e m  r e s u l t i n g  f r o m  poGr d e s i g n .  A t  
h i g h  s p e e d ,  a l o s s  ir; t o t - 1  p r e s s u r e  o f  1G p e r c e n t  of t k e  
f r e e - s t r e a n  dynamic p r e s s u r e  for t h e  a i r  s u p ~ l ' i e d  t o  the 
j e t  motor  of a t y p i c 3 1  f i g h t - e y  a i r c r - i . f t  may r e s u l t  i n  a 

I 
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1 s s  i n  t h r u s t  e q u i v z l e n t  t o  a b o u t  one - t en th  of t h e  2ir- 

s 5 r - i i c d u c t i o n  s y s t e m s  of e x i s t i n g  j e t - p r o p e l l e d  s i r c r a f s  
h i v e  t o t a l  p r e s s u r e  r e c o v e r i e s  o f  more t h a n  65 p e r c e n t  o f  
t h e  freL+-strr::r= d j a z m i c  p r e s s u r e ,  i t  b r c o z e s  a p p a r e n t  t h a t  
t h e r e  is :: g r e a t  n e e d  f o r . i n p r o v e d  d e s i g n s .  

,? p P a n c  dr; lg .  %hen i t  i s  r e a l i z e d  t h 3 t  very  f e w  of  t h e  
rl 
i 
i 

The E . t t i o n a l  A d v i s o r y  Commit tee  f o r  b e r o n s u t i c s ,  work- 
ing c l o s e l y  w i t h  t h e  A r E y  and x~qvy, has been c o n d u c t i n g  
e x t e n s i v e  r e se : - r c@ on t h e  p r o b l e m s  of j e t -moto r  3ir- 
i n d u c t i o n  s y a t m s  a t  i t s  v e r i c u s  l ~ i o r s t o r i e s  a R e s u l t s  

e x t e r n a l  s c o o p s  have b e e n  p u b l i s h e d  i n  r e f e r e n c e s  1 and 2. 
=f +%-- in v L . L u  -r%..n....- c s c ; 3 A  bk e o n c e r n d d  tiit?, fuseisgt+-cose i n l e t s  a n 8  

A s  a p a r t  of t k i s  r e s e a r c h  p r o g r a m ,  t h e  A m e s  h e r o n a u t i c p  
L a b o r a t ? r y ,  has u n d e r t a k e n  t h e  i n v e s t i g a t i o n  of a i r  i n l e t s  
s u b h e r g e d  Dblow: th'e s u r f a c e  o f  t h e  body i r i t o  w h i c h .  t h e  
e n t i ' k n c e  is p l a c e d . '  "Phis t y p e  o f .  e i r  t n l e t  i s  no t .~ i i ew; -  
h--ving b e e n  t e s t e d  f i r s t  d u r i n g  t h e  du ' c t - en t ry  r e s k a r c h  o f ,  
r e f e r e n c e . 3 .  'Scbmerged  aLd s e m i s u b i e r k & d ' i n l C % s  hat$ dl80 
r ece ive r f  c o n s i d e r a b l e  a t t e n t i o n  f rorn  v a r i d u s  i i i r e r K f t  
m a h u f a c t u r e r a .  I t  is t h e  purpose o f ' f h e  i n v k s t i g n t i o n  ' - 

r e p o r t s d  h e r e i n '  t o  g r o v i d e  m o r e '  comple t . e ' . in forEE. t ion  on - " .  

' , e n t r a n c e s  r>f t h i s  t y p e  s b  as t o  B e f i c e  t h e i r . ' r o l s . t i v e  ':' 
h e r f t s  conpfc'rcd w i t h  o t h e r  t g p e s  o f f : i n l b t s .  a ,  . . .i . 

. .  i . ;  . .  . .  ' 
. .  

.. . . .. 

X s t L d p  o f *  t h e .  g e o m e t r i c '  c h % , r b c t B r - i s t 3 c s  of subme?ged 

1: 3.kdu.ctior.  o f  t h e  l e n g t h :  of:' t k e  ' I n t e r n a l  d u c t i c g  abd. 

air i o l e t e  i n d i c a t e d  t h e  f o l l o w i n g  p o s - s i ? l e  a d v a n t a g e s :  

t h e  e l . i A i n z - t i o n  of t u . k t i n g  bents' ?::it:? a s p . v i i g  i n . w e i p h t : . a n c  
redaction i n  p r e s s u r e  l o s s e s  compared t o  a wing-1ea.ding-edge 
0- f u s e l a g e - n o s e  i n l e t s  

- .. . .  
, ; J  - * . -  . . .  

. -  . .  . .  . 

2. Z e d u c t i o n  i n  e x t e r n a l  drsg when compared w i t h  ex- 
t e r n a l  f u s e l a g e  S C O O - , ~  

1 . . ,  

' 8 .  S a s i e r  nt 't 'riinment oT h i g h  c r i t ' i c s l  s p e e d ' a t  high- * * 

speed a t t t t \ ; d e -  t h n n  for e x t e r n a l  f x s e l a e e  s c o o p s  s n d , a  wid-er 
rangr:  of nirpl:Ans a t t i t u d e  f o r  h i g h  c r i + , i c a l  s p e e d  than for 
a b i ~ , g  l e a d i n g  edge or' fuselrLge-nose en t ry tnce  c 

i t  W E S  b e l i d v e i !  t h s t  t h e s e  advar . tages  w o u l d  f a v o r  t h e  * *  

use'  o f  s u c h  e n t r s n c c s  f o r .  c e r t s i n  2 , i r - in r iuc t ion  sysC.ms,  p r o  
v i d e c ! ' t l ; a t  design m d t h o d s  c o u l d  be e s t a b l i s h e d  t o  e l i m i n a t e  7 t h e  c i i s r s c t e r i s t i c  l o w  pr'_essnre r e c o v e r y ,  .- 

- - .  ,. , . .  * .  ! i 
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t *- 2;. 
T h e . E e n e r n 1  i n v e s t i g p t i o n  o f  t h e  s i lbae rged  e n t r a n c e s  was - 

m d c  i:i t h e  i - 3 c  1.- by 1 . 5 - f o o t  w i n d  c h a n n e l  shown i n  
f i g u r e  1. T h i s  wind cha r ;ne l  i s  of t h e  o g e n - r e t u r n  t y p e  
2nd i s  powered  w i t h  a h igh-cp ,pac i ty  c e n t r i f u g a - 1  b lower  
c . t$Pble  of p r o d u c i n g  a m a s i m l u n . s i r s p e e d  of 180 r c i l e s  p e r  
hour  in t h e  t e s t  s e c t i o n .  The a i r  s t r e a m  i t s e l f  i s  very 
s s o o t h  srd p r o b s b l y  of low t u r ’ b u l e n e e  ‘vec~riise sf t h e  COG- 

t r r t c t i o n  r a t i o  o f  13.0 t o  1 .0 .  

X e a s u r e x e n t s  o f  t h e  t u n n e l  a i r  stream i n d i c a t e d  a n  
a p p r e c i a b l y  t k i c k  boundary  on t h e  w e l l s  o f  t h e  t e s t  s e c t i o n .  
I n  o r d e r  t o  o 3 t s i n  t h e  t h i n n e s t  b o u n d z r y  layey p o s s i b l e ,  a 
f s l s e  w s l l  W ~ S  b u i l t  i n t o  the wind- tunnel  t e s t  s e c t i o n  s o  
t n - t  t o e  t a n a e f - w z l l  boundary  l a y e r  p a s s e d  b s t w e e n  t h e  
fslse and t r u e  w a l l s  of t h e  t u n n e l .  The n o d e 1  submerged 
d u c t  was p l a c e d  in t h i s  f 8 , l s e  w a l l  P_S shown i n  f i g u r e  1. 
A i r  f l o w  i n t o  t h e  model d u c t  e n t r a n c e  w a s  c o n t r o l l e d .  t h r o u g h  
t h e  use o f  a small  c e n t r i f u s d  b l o w e r .  

The mode l  o f  t h e  subnerge t l -duc t  e n t r a n c e  was s o  d e s i g n e d  
that t h e  c o n t o u r s  of t h e  l i p ,  t h e  s n g l e  of t h e  e n t r a n c e  
r z n p  ( f i e .  I) 2nd t h e  d i v e r g e n c e  o f  t h e  rPmp c o u l d  be c h m g e d  
w i t h o u t  r e m o v i n g  t h e  o t h e r  d u c t  p s r t s .  The o 2 e n i n E s  t e s t e d  
were  o f  4-sau.ire-inch a r e a ,  one o f  4- by 1-inch a n d  t h e  
o t h e r  2- by ?-inch d i n e n s i o B .  T o r  a l l  t e a t s ,  t h e  a i r  d rawn  
i n t o  t h e  e n t r n z i c e  wes expanded  t o  n v e r y  low v e l o c i t y  i n  an 
e o  c o n i c a l  d i ? ‘ f u s e r  of 13.0 t o  1.0 area. r a t i o . .  F i g u r e  2 
s h o v s  a view o f  one o f  t h e  e n t r a n c e s  t e s t e d .  

A s p e c i f i c  a ; ~ i i c 3 . t i o n  of t h e  r e s u l t s  of . t h e  g e n e r a l  
i n r e s t i g a i i o a  was t e s t e . 8  on r j  0 .25- sca l e  rio.ds1 of a f i g h t e r -  

= _  L _ - - v L . ‘ - - ,  :E t’ne-trks 7-337 10-foot  wind t u n n e l  3 0 .  1. Views 
o f  t h e  s u b n s r g e d  d u c t  for th i s  model  e r e  shown i n  f i g u r e s  
3 ( a >  and (b). 

:--e 2: r,.--a-*L 

- t h e  .. H e a s u r e n e n t s  of t h e  >,ress.ire l o s s e s  o f  ‘ t h e  a i r  f l o w i n g  
‘ 9 ,  pro- i n t o  t h e  s u b q e r g e 5  d u c t  f o r  t h e  . t e s t e  ir! t h e k i p s  1- 5y 1.5-foot 
- i n a t e  w i n d  c h s n n e l  w4re  m-.d,e b o t h  a t  t h e  e i i t r q n c e  2nd. : I t  t h e  e n d  .- o f  t h e  d i f f u s w .  The p l a c i n r  of  t h e  t o t . 1 - p r e s s u r e  t u b e s  

. 

f .  a n d  t h e  s t n t i c - F r e a s u r e  t u b e s  if; t h e  e n t r a n c e  i s  shown 
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in f i s u r e  4 .  P r e s s G r e  l o s s e s  a t  t h e  end of  t h e  d i f f u s e r  

g ~ t e d  tn i t  . r l l  measurements of the  p r e s s u r e  r s c o v e r y  a t  

z e z c n r i c g  r a k e s  w e r e  l o c p t a d  tn t h e  d u c t  i n l e t .  The 
p r e s s u r e  l o s s e s  r e s u l t i n g  frord t h e  d r a g  o f  t h e s e  rakes a r e  
o f  c ~ n s 5 d ~ r a b l e  m a g n i t u d e  And t h e  d a t a  o b t a i n e d  f o r  t h e  
d i f f u s e r  E r e  of c o m p a r a t i v e  r a l u e  ocly. T h i s  i n  no way 
d e t r . - . c t s  f r o m  t h e  v a l n e  o f  t h e s e  n e a s u r e m e n t s  s i n c e  t h e y  

1 
1 t h e  e a t r m c e .  Data useful t o  t h e  d e s i g n e r  w e r e  o b t a i n e d  
t 

* & e r e  neLA8ured w i t h  t o t a l - p r r r r w r  ~ t l t r 5 ,  ;% sf.c-414 be 
v 

1 
i .the end o f  t h e  d i f f u s e r  w e r e  made w h i l e  t h e  pressure- 

9 are i l sed  f o r  c o m p a r i n g  t h e  e f f e c t s  o f  v s r i o n s  c h a n g e s  t o  

i 
..: c i  L i  - 
W I I , ~  ~ U Z  r a k e s  a t  t h e  duct e s l i r a n c e  by p i o % t f z l g  conto-ars  of 
p y e e a u r e  l o s s  i n  t h e  e n t r a . n c e  f r o m  t h e  measured  v a l u e s  

i z t s g r 2 t i n g  t h e s e  p r e s s u r e  losses t o  o b t a i n  t h e  a v e r a g e .  
l o s s .  L o s s e s  measured  w i t h  t h e s e  rakes r e p r e s e n t  the v a l u e  
o b t 2 i 3 t d  K i t h  13O-percent d i f f u s e r  e f f i c i e n c y .  D a t a  f o r  
o t h e r  d i f f u s e r  e f f i c i e n c i e s  may be c o m ~ u t e d  f r o m  t h e s e  
Xensurec iFnts .  F o r  all t e s t s ,  t h e  i n l e t - y e l o c i t y  r a t i o s  arc 
x e z n  v * ? l a e s  d e t e r m i n e d  from .rir--auant i t g  mezsur  e n e n t s  msde 
w i t h  a c n l i b r n t e d  v e n t u r i  meter l o c a t e d  i n  t h e  ai=. d u c t  
1 e . r d i n q  t o  t h e  c e n t r i f u g a l  blowe:. 

- o > t ? . i n e d  w i t h  t h e  p r e s s u r e - m e s s u r i n g  t a b e s  of f i g u r e  4 and 

P r e s s u r e - d i s t r i b u t  i o n  t e s t a  were made o v e r  t h e  li? a n d  
t h e  r a n p  o f  t h e  e n t r a n c e  t o  p e r m i t  an e s t i m a t i o n  o f  t h e  
c r i t i c . x l  s p c e d .  Pressure datal o b t a i n e d  w i t h  f l u s h  orifices 
w e r e  u s t i  with r e f t r e n c e  4 t o  obtain v a l u e s  o f  t h e  c r i t i c a l  
biacli numbers  f o r  v a r i o u s  o p e r n t S n g  c o n d i t i J n s .  

T h e  e f f e c t s  o f  rernoviE<? t h e  b o u n d z r y - l a r e r  o f  t h e  
s u r f q c c  ahez t i  o f  t h e  s u b m e r g e d  d u c t  we76 determined by 
t e s t i n g  s u c t i o n  s l o t s  n t  v a r i o u s  i o c a t i o n s  a h e a d  o f  t h e  
d u c t  e n t r s n c e .  A s n s l l  c e n t r i f u g a l  b l o w e r  W P S  ’used t o  
z r o v i d e  su:r;ion. A i r  q u e n t r t i o s  w c r e  mt;.zswed w i t h  a e P l i -  
b r : ted .v  e p t u r t .  A , s k e t c n  of  t h e  b o u n d n r y - l a y c r - c o ~ t r o l  
t e s t  & a c t  i s  s h o r ~ n  i n  f i g u F s  5. 

r 

B e a r l y  82.1 t e s t s  were  made by h o l d i c g  t h e  t u c n e l  air- 
speed c o n s t z n t  and v a r y i n g  t h e  air q u a n t i t y  f l o w i n g  i n  t h e  
d x c t  t o  v?.r; t-tle i a l e t - v e l c c i t p  r t i t i o .  A f e w  t e s t s  w e r e  
mEde -2t v s ~ 3 -  h i s h  i n l s t - v e l o c i t y  r q t i o s  by r e a u c i r g  t h e  
t a n n e l  s i r s p e e d .  

T c s t e  of  sui~mergee?--duct e a t r * l r , c e s  f o r  t h e  0.25-sca le  
n c d e l  c f  t i i e  f i g ? - t e r  ~ i r c r n f t  w c r e  made by i n d u c i n g  a i r  
f l o w  i E t o  t n e  i n l e t s  k i t %  ar- a i r  pun? c o n n o c t e d  t o  a channf  
i n  t h e  sper of the t i g - s u ? p o r t a d  model .  The i n l e t - v r ? ~ o c i t j .  
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r a t i o  w z s  h e l d  c o n s t a n t  w h i l e  t h e  m o d e l  z n g l e  o f  a t t . .ck 
was v s r I p d . 4  F r e s s u r e  losses were  me-sured a t  t h e  s i m u l a t e d  
e n t r a n c e  t c & t h e  E a l f o r d  J e t  motor u i t h  LL rake of 17 t o t a l -  
p ressure- -measur ing  t u b e s  i n  e a c h  d u c t .  

BESULTS ASD D I S C U S S I O B  

Gener  a1 Inv c s  t i gat i on 

m- 
Illt: i s v e s t i g n t i o n  of t h e  subzcrged-duct e c t r ? n c e s  in the 

s roa l l  wind chanriel  was d i v i d e d  i n t o  phases, e a c h  c o n c e r n e d  
w i t h  o n e  p ? r t i c u l a r  des-fgn v a r i u b l e .  These  v s r i z b l e s  were 
as f o f l o w s :  

1. R m p  d e s i g n  
2. L i r ,  d e s i g n  
3 .  i b n t r n n c e  sha.pe a n d  n s F e c t  r a t i o  
4 .  B o ~ n d n r j ~ - - l z y e r  t h i c h e s s  

c 

The d i s c u s s i b 2  d e a l s  wi th  each of t h e s e  v a r i a b l e s  separ- 
- t e l y .  P o r t i o n s  o f  t h e  d i s c u s s i o n  yr'e a l s o  d e v o t e d  t o  t h e  
f e w  t e s t e  o f  boundary-lp-yer c o n t r o l  and t o  t h e  e x t e r n a l - d r % g  
c h a r a c t e r i s t i c s .  F i y u r e  2 d e f i n e s  t h e  v n r f o u s  e l e m e n t s  of 
t h e  submerge6  e n t r a r ; c e .  

m 
i 

&an designn,- D u r i n g  t h e  p r e l i b i i n n r y  t e s t s  o f  t h e  s u b -  
ergc:d e n t 7 r . n c e s  # t h c  p r e s s u r e  r u c c t v z r i c s  o b t n i n c d  3 0 t h  st t h o  
rid o f  t i i c  d i f f u s e r  a r d  a t  the d u c t  e n t r z x c e  w e r e  d i s a p p D i n t -  

i n g l y  low. A maximum v a l u a  o f  p r e s s u r e  r e c o v e r y  of about 57 
p e r c e r i t  W L S  me.t,sured a f t e r  c o n 2 l e t  e d i f f u s t o n  :it i n l e t -  
v e l o c i t y  r r . t i o  o f  0.5.  T?e p r e s s u r e  r e c o v e r y  d c c r e s s e d  t o  
zero v h e n  t h e  i z l e t - - v e l o c i t 3 -  r - z t i o  w g s  i n c r e - i s e d  t o  tl v a l u e  
o f  1.3. Tile c r i t r tmco t e s t e d  c o x s i s t e G  o f  n. 1- by & i n c h  
o p e u i r g  st t h e  e c d  of s 7 0  ramp boun2ed by s t r a i g h t  p a r q l l e l  
wal ls .  S i n c e  a t  i n l e t - v e l o c i t y  r a t i o s  o f  l e s s  t h a n  1.0, a o r e  
?i: e n t e r s  t n e  - ~ p s t r e m  eod or' t h e  rar;p t h r n  f l o w s  i n t o  t h e  
e3trCz.ce w i t h  r e s u l t z n t  s:jifl.ige o v c r  +,ha s i d e s  p n d ,  s i n c e  
t h e  s t r e n a f i n E s  o f  t h e  f l o w  d i v e r g e  ?s t h e  o p e n i n g  is 
s p p r o ~ ~ c h e d ,  i t  W P S  s u g g e s t e d  t h c t  s o x e  i x g r o v e x e n t  n i g h t  be 
o b t a i s e i  by di - re rg iz lg  the w a l l s  o f  t h e  r z n i r ;  t o  f i t  t h e  
s t r e s n l i n e ?  n o r e  c l o s e l y .  ~ T e s t s  o f  t h e  f i r s t  a i v e r e c n t  w n l l s  
showed a s u r p r i s i n g  i n c r e - s e  i n  t h e  p r e s s u r e  r e c o v e r y  o f  8 
t o  10 p e r c c . n t  ~ t t  i n l t t - - v e i o c i t ; -  r s t i o s  o f  l e s s  t h a n  1 .0 .  
12 o r d e r  t o  i z v t s t i F 7 t e  t i l is  f u r t h e r ,  t e s t s  o f  r c r i o u s  
s t r s t g h t  d i v e r g e n t  w p l l s  nnd o n c  c b r v e d  divergent w z l l  9s 
shown i n  figarc. 6 and tsble Inwt re  mn8e. The r e s u l t s  

I 

i 
1 1  
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of t h g s e  t e s t s  a r e  shown i n  f i g u r e  7 .  T h e  b e s t  p r e s s u r e .  
r e d b v e r i e s  w e r e  o b t a i n e d  w i t h  t h e  c u r v e d  divergeuce  4 which  

' g a . ~ ~ ~  , & ,  rnmxiaum pressure' r c c o v . e r y  ctf 73 percent  a t  a n  i n l e t -  
v c l b c i t y  rat i o  of 0.40:- I n p r o v e a e n t  w a s  also f o u n d  a t  i f l e t -  
~ e l o c i t y  r a 3 i e s  g r e a + , e r  thm u n i t y .  I t  s h ~ i l l d  be e x p l a i n e d  
t i i 2 t  the  n e z s u r e  of  d i v e r g e n c e  used i n  t h i s  i n v e s t i g a t i o n  is 
t h e  r z t i o  o f  t h e  w i d t h  of  t h e  c n t r a m c e  o f  t h e  rEmp t o  t h e  
w i d t h  o f  thc submerged  e n t r R n c e .  A n  a x m i n x t i o n  o f  t h e  
p r e s s u r e - l o s s  d a t a  o f  f i g u r e  8(a)  o b t a i n e d  i n  t h e  d u c t  
cfitrnrice s i l o ~ s  tl13.t t h e  e z f e c t  o f  t h e  C i . i e ~ g ~ ~ ,  L . - - 7  w a L A 5  -I ? a  t o  

r c a u c c  3 g p r e c i s b l y  the l o s s e s  s u f f e r e d  by  t h e  a i r  e n t e r i n g  
t.hF_ dact. ,  T ' h e  j , -?%rgyenent of f l n y  l n s s c s  folznn Et, i c l e t -  
v e l o c i t y  r a t i o s  o f  1.0 o r  g r e z t e r  i n d i c 2 t e s  th5-t f i t t i n g  t h e  
c o s t o u r  of t he  r-?.mp w n . 1 l . s  t o  t h s  s t r i . i rn1 inc . s  . ,does not g i v e  
a f u l l  e x p l z r i z t i o n  o f  t h e  r e d u c t i o n  o f  p r c s s u r e  l o s s e s .  I t  
i s  s u r E i s e d  tii3.t t h e  d i v e r g e c t  w x l l s  o f  t h e  r a s p  a.ct  t o  
r e d u c e  t h c  n s o u i i t  o f  boundzlry- layer  a i r  which f l o w s  down 
t h e  rsm9, t h e r u b y  i n c r e a s i n g  t h e  p r e s s u r e  recovery a t  a l l  
i n 1  e t - v c l o  c i t  y r a t i o s .  

I 

I t  was n o t i o e d ,  h o w e v e r ,  t h a t  w h i l e  t i l e  p r e s s u r e  l o s s e s  
wcre  nuch  i u p r o v d  o v e r  t h e  e n t r p n c a  as 3 w h o l e ,  h i g h e r  

i n  a sn:i11 r e g i o n  c l o s s  t o  t h e  s i d e s  i n  t h e  upger ha l f  of 
t k e  o p c n i q g  j u s t  below t i l e  l i p .  T h i s  e f f e c t  i s  shown by 
t h e  d a t s  c f  f i c u r e  8 ( 3 )  t9k-c.n f o r  t ? i e  p r e s s u r e  r a k e  mounted 
ore-half i r , ch  f r o n  t h e  ctpccning, F l o w  s t u d i e s  i a d i c q t e d  t h a t  
thest p r r s r u r c  l o e s e s  wcr-t! o ' r i g i c a t i x g  i n  7 s h o r t  s t z l l e d  

impyovc  t h i s  c o c d i t i o L  by r o u i d i n g ' t h e  c C P  of t h e  v r ~ l l s  
r e s u l t e d  i n  even  g re : i t e r  l o g s e s .  I t  F?-S f o u n d  t k p t  by 
p 1 - c i n g  s n ~ l l  r i r ? g e s  o r  dcflec+,ors o f  a z~sx in ;ao  h e i g h t  o f  
o n e - h ~ - l f  i n c h  % l o n g  t h e  t o y  of t h e  d i v e r g c x L t  w a l l s  9s shown 
i n  figurs 9 ,  a p p r c c i a b l e  g r i n  cou!.a b e  o b t a i n c d  a t  I n l e t -  
v e l o c i t y  r z t i o s  g r e n t e r  t i i n n  0 .6 .  Lkese  d a t a  %re shovm Bn- 

d c f l . e c t o r s  i a c r e - s e s  t h e  m?xinum p r e s s w e  r e c o v e r y  a f te r .  
d i f f u s i o n  f r o 3  57 F e r c e z t  ( f i g .  7 )  t o  78 p e r c e n t .  ( f i g .  10) 
st a n  i n l e t - v e l ' o c i t y  r a t i o  o f  0 .4  a n d  f r o n ?  2G t o  36 p e r c e n t  
c ? t  ::.E i n l e t - v e l o c i t y  r a t i o  o f  u c i t y .  Tha e f f e c t  of  t h e s e  
d e f l e c t o r s  o n  t h e  l o s s e s  a t  t h e  s i d e s  o f  t h e  e n t r a n c e  i s  
shown i n  f i g u r e  11, 

losses t h n 2  t h o s e  o b t n 5 n e d  w i t h  no  diverge1:ce w e r e  f o u n d  
\ 

\ :  

r e g i o r ?  t i l o ~ i g  t i l e  a ~ l l s  o f  th r .  r r m p .  A t t  p. ts  n a d e  t o  i 

c 7  

? f i g a r e  10. The c o n b i n a t i o c  o f  t h e  c u r v e d  d i v e r g e n c e  and r '  

The f o r e g o i p g  r e s u l t s  W G T C  o b t s i n c d  wlth n ramp a n g l e  of 
7'. , I t  W L L S  i i e c t s s = , r ~ - ,  t h c r e f o T e ,  t o  (?eter:ifne t h e  e f f e c t  of 
chsngirzg t h e  r:m.p s n g l e  0 1 ,  t11e p r e s s u r e  l o s s e s  and t o  f i n d  
out  vf ie t i ier  t L e  use  cf dSvCrc:t 'zce w n s  a s  c f f i c a c i o u s  w i t h  
g r p n t e r  r m p  angles as f o r  i j 6 .   fie r e s u l t s  o f  f i g u r e  12 
show t h : i t ,  w i t h  parallel s i d e  ~ : s l l s ,  en s p p r e c i a b l e  



: o .  5120 

c ' -  

;- i c h  
1 e,t- 
i n f e t -  
?ne6 
cn i s  

; t o  
i n g  

- t b e  
;v e 

I t  

- 

z 
11 

: s e i  

? 
3f 

: t e a  
t h a t  
d 

IS 

)f 
iown 
..let- 
i n  

:- 

r o l  - e n t  
e 
c 

- 
e* of 

- t  of 
-2 d 
r 11 

BACA . A 2 3  ..No.. 5 I 2 0  7 

i n p r o v e Z e n 4  in t h o  p r e s s u r e  r e c o v e r y  i s  e x p e r i e n c e d  w i t h  
inc re . z s+ icg*  rasp angle e s p c c i s l l y  a t  t h e  f n l e t - v e l o c i t y  r a t i o s  
g r e a t e r  t&+n u n i t y .  The r e s u l t s  o f  t e s t s - o f  v a r i o u s  ramp 
a n g l 3 s  with d i v e r g e n t  ,walls p r e s e n t e d  i n  f i g u r e  13 show t h a t ,  
,for ram,p a n g l e s  up t o , 1 0 * ,  t h e  u s e  o f  d i v e r g e n t  walls  , 
r e s u l t s  ir ,  EI r e d u c t i o 3  qf t h e  p r e s s u r e  l o s s e s .  For 15',; 
a l z r g c  IGSS i n  pressure r e c o v e r y  was e x p e r i e c c e d .  The f:'. 

i e i u l t s  of these  t e s t ' s  i n d i c a t e  t h a t ,  as a rwcp a n g l e  ' 1  * 

i n c r e a s e s  .. t h e  d i v e r g e n c e  used s h a u l d  d e c r e a s e .  F i g u r e  
14(a) shows t h e  e f f e c t  of ramp a z g l e  Sn t h e  p r e s s u r e  
d i s t r i b u t i o n  a l o s g  t h e  rmrp. Figure 14(b) shows t h e  p r e s s u r e  
d i s t r i b u t i c 3  % l o n g  t h e  ramp as i t  v a r i e s  w i t h  i n l e t - v e l c c i t y  
r z t i o .  

. .  
,4-- I i D  d t s * i -  1x1 d e s i g i i n g  3, s a t i s f s c t o r y  l i p  for t h e  : ' '  

s u b m e r s e d  d u c t  t w o  r e a u i r e n e n t s  mus t  ' b e  s e t i s f  i e d .  .FiGst, _. 
t h e  l i p  n u s t  h a v e  a shape t h s t  w i l l  g i v e  a h i g h  c r 5 t i c i 1 , .  
s p e e d  a t  t h e  l o w  i n l e t - v e l o c i t y  r a t i o s  u s e d  i c  h igh-speed  ' 

f l i g h t ;  2nd s z c o n d ,  t h e  l i p  s h a p e  mnst b e  s u c h  tnst -no 
s t ? . l f i r , g  of  t h e  i n t e r n s $ , f l o w  w i l l  o c c u r  n t  h i g h  i n l e t -  
v e l o c i t y  r a t i o s  or even e,i  i n f i n i t e  i n l e t - v e l o c i t y  r R t i o  
c o r r e s p 3 n d i n g  t o  t h e  s t i ' t i c  ground o p e r a t i o n  oE tine j e t  
m o t o r .  With t h e s e  c r l t e r i E  izi mind ,  seven l i p  s h a p e s  
were t e s t e d . '  Lir;e 'draQ€r,es o f  t h e s e  s h z p e s  a r e  g iven i n  
f ig t l r ' e  15,  and t 3 b l e s  :?(a) md IIC5) g i v e  t h e i r  o r d i n a t e s .  
The r e s u l t s  o f  t e s t s  ' o f  t h e s e  l i g  s f t ~ p e c !  e r e ' g i v e n  i n  t a b l e  
1x1. The f i r s t  ' l i p  t e s t e d  was p o o r  11: sll  r e s p e c t s ,  , 

e s p e c i e l l y  i n s o f a r  as  t h e  s t a l l i n g  of tine i n t e r n s l ' f l o w  
wzs c o n c e r n e d .  Addixiz curvature t o  tile fnr ier  s u r f p - c e  ( l i p  
2 )  improved  t h e s e  stalling t e n C e n c i e s ,  b u t  t h e  c r i t i c a l  speed 
w ? s  still v e r y  p o a r .  . A d d i n g  c u r v a t u r e  t o  t h e  o u t e r  sur foce  
( l i p  3) d i d  n o t  i n p r o v e  ' t h e  c r i t i c 3 1  s p e e d  and made t h e  
S n t e r 2 a l - f l o w  l o s s e s  nuch  g r e R t e r .  Adding c u r v a t u r e  t o  30th 
t h e  i n s i d e  znc? o u t s i d e  s u r f e c e s  c l f p  4 ) . ' i n o r e 8 s e  the  c r f t t c a l  
s p e e d  and e l i s l i n a t c d  s t s l l i n g  o f  t h e  l i p  e x c e p t  a t  i n f i n i t e  
i n l e t - Y e l s C i E g  r a t i o .  Changing  t h e  n o s 4  - r a d i u s  ( l i p  5 )  d i d  
n o t  i aprcrvg  t h i s  c o n d i t i o n ,  b u t " 5 n ' i n c r e s s e  i n  camber and an 
increase  i*n n o s e  r i d i u s  r e s u L t e d   in ' B n ' e - n t i r e l y  s a , t i s f a c t o r y  

i n c r e q s i n k  t h e  l i p  rt i .dius r e s u l t e d  i n  n - s t i l l  f u r f h e r  de- . 
c r e ? s e  f n  c r i t i c g l  s p e e d s .  I t  is' c c n c l u d e d  t k t a t ;  for th 'e  
d u c t  t e a t e d ,  i i p  6 W R S  e n t i r e l y  s s t i s f s c t o r g .  . -  

l i p  ( I f p  6 ) .  A f u r t h e r  a t t e n p t  to' i a p r o v s  t h i s  k i p  by . ,  

- *  . I  

.I. 1 ,  

I t  W R S  s n t i e i p p t e d  t h a t  c h e n g i n g  t h e  ramp Qf tke"s 'db- - '  
merg&d e n t r ? n c e s  n i g h t  h a v e  Rn a p p r e c i a b l e  e f f e c t  tn ' t h e  a n g l e  
o f  f l o w  a t  tHe l i p  a n d  t h e r e b y  o r i s t i r e  . r  c r i t i c a l ' s p e e d .  ' ' T e s € e  
o f  l i y  6 w i t h  9 rmrp n c g l e  o f  7 3  6howed a d e c r e q s e  i n  Ohe': '  
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i n l e t s  des g n f d  f o r  a s p e c i f i c  n i r p l s n c  2 i s c u ' s s e d  lst t?r 
i n d i c a t e  t h a t  t h e  r a t i o  of l i p  size t o  d u c t  d e p t h  may b e  
r e d u c e d  tokt3bout  t w o - t h i r d s  of t h a t  u s e d  f o r  t h e  l i p a  o f  
t s b l c s ' I I ( s )  mid I I i b ) .  

a 

---.nc.e-?sg, E n t r  ~ c t  -I---- r a t i n .  - A few t e s t s  wpre  m p d b  t 6  c le ter-  
mfnc  t h e  e f f e c t  Qf e n t r a n c e  m p e c t  r a t i o  on t h e  p r e s b u r e -  
r e c o v e r y  c h a r a c t e r i s t i c s .  C o F p a r a t i v e  r e s u l t s  m e  shown fn 
f i g u r e  21 for t h e  1- by $-inch o p e n i n g  (for which  n o s t  of t h e  
r e s e a r c i i  W ~ S  c c t n i u c t e d j  nnti a. 2- by 3-iach open inE .  'ilirs 
e f f e c t i v e n e s s  c f  d i v e r g i n g  t h e  w a l l s  f o r  t h e  2- by 2-inch 
s p e n i n g  i s  o f  Cnmp?rnbl_e ?r.P,g2ltude t ?  t h ? t  f n u n d  f o r  t h e  
1- by + i n c h  c n t r y .  The 5 a x ~ . n ~ m  p r e s s u r e  r a c o v c r v  which  
ansg be r e s l i z r d  f o r  t h e  2- 157 % i n c h  o p c n i n g  i s  s l i g h t l y  
l e s s  t h a n  f o r  t h e  r e c t m g u l s r  o p c n l n g .  The C ; i t s  o f  f i g u r e  
2 2  i n d i c a t e  t h s - t  t h e  lcss i n  p r e s s u r e  r ec -ve r -y*  r e s u l t i n g  
f r o m  n t h i c k  b o u n d a r y  l ~ y e r  i s  s o n e w h s t  l c s s  f o r  t h e  sonere 
open i n  g o  

iif f e  c t  c f  boununr  v-1 Q Y er thi&nes.a. - A l l  t h e  t e s t s  C i s -  
, c i l s s e d  abrJve  w C r e  rizi,e w i t n  t h e  n o r m a l  boundc.ry l a y e r  o f  t h e  

f e l s o  w n l l  o f  t h e  wind cf immel  n o t e d  a s  bound-ry l n y e r  1 i n  
figure 2 3 .  I n  ordcr  t o  a a c c r t s i n  t h e  e f f e c t  o f  b o u n d v y -  
lager  t h i c k n e s s  .mc? t o  S r o v i d e  d a t a  a p p l l c a b l c >  t o  subaerced- 
d u c t  i n s t a l l a t i o n s  far : r f t '  o ~ ?  ' t h e  f u s e l q g c  o f  a n  z i r - p l c n e ,  
t e s t s  were a l s o  x. ide  w i t h  t h e  two c i thcr  bGun?.ary-layer 
t h i c k n e s s e s  s i ~ o w n  ix: figure 23. B r s u l t s  of t h e s e  t e s t s  
% r e  s h o w o  i n  f i g u r e  24. A s  e x p e c t e ? ,  t l i e s e  t h i c k e r  b Q u n d a r y  
l s y r r s  n p p r t c i s b l y  r e 2 u c e d  t h e  ? p p a r . ? n t  p r e s s u r e  r e c o v e r y  
a t  t h c  end 3f t h e  d i f f u s e r .  

13 c l r d e r  t c  a s c e r t a i n  t h e  e f f e c t  o f  t h e  d e f l e c t o r s  3n 
t h e  p r e s s u r e  r eCo7er$ - ,  t o e t s  Yere  made w i t h  b c t n  normnl  a n d '  
ex t en icc i  e . s f l e c t m s .  ( S e e  f i g .  10.) Thc r e s u l t s  of t h r s e  
t e s t s  2rc s h c v n  2 3  f i g u r e  25. I t  cay be seen t h r , t ,  f o r  t h o  
t h i n x e s t  3our.dary layer, t h e  nornnsl d c f l e c t h r s  s h o w e d  a n  
8 , p p r c c i a b l e  Impru-.-ement w h i l e  th? rxtcnt lc .?  f i r f l e c t o r s  fm- 
p r o v e 2  t h e  pPosaure r e c o v e r y  c n l y  f o r  B s m s l l . r n n g e  of l o w  
i n l o t - v c l o c i t y  r s t i o s .  With boundRry l a y s r  2 ,  t h e  u s c  of 
exte;?!cd d u f l c c t o r s  v e r y  e p p r e c i s b l y  i n c r e v s e d  t h e  p r e s s u r e  
r c - c o v t r g .  ; t i t : ?  b n u n 4 5 r y  l a y e r  3 ,  t h t ?  i z p r o v r m e n t  r e s u l t i n g  
f r o m  t i l e  USL- o f  L c f l P c t c r s . w n s  l e s s .  T h i s  d c c r e - s e  I n  t h e  
e f f e c t i T e n c : s s  o f  t h e  d c f l e c t 3 r s  i s  believe!! Cue t o  t h r  f % C t  
t h a t  t i i t?  b r 3 u n d c y  l s y e r  wqs v e r g ,  t h i c k .  

I 

As w i l l  b e  E ~ G W U  l s t c r  i n  this+ r e p c r t ,  t e s t s  of  a s p e c i -  
f i c  n7oRei w l t h  a b o u n d z r y  l a y e r  t h i n n G r  t i im any of  t h e s e  
n c a t i o n e d  i n  t h e  p r c c e c ? i c n  p a r a g r a p h  showo?, n d e c r c n s o  in 

I m 
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srtssarr. r c c o v e r y  r e s u l t i n g  f r y m  t 4 o  e x t m s i o n  o f  t h e  cieflec- 
Improvement  r e s i i l t e d  f r d m  t h e  use o f  a u r m a l  a e f l c c t Q r s  ,to=AG. 

' Itthaj. t h e r c f  o r e  bc concluded t h a t ,  f o r  a l l  boun?ary-l,ayer 
t h i b ' k n c s s o s ,  t h e  a c r n a l  d c f l c c t 2 r s  shrjuld b a  used, '6.. t h t  
t3 r  5 c f l c c t c r s  s h o u l d  bc e x t e c d e d  o n l y  when t h e  b9uniirrry - 
l a y e r  is. as t h i c k  or t h i c k e r  t h a n  boundp-ry l u y e r  2. I n  a n y  
s p e c i f i c  a p p l i c a t i o n ,  t h e  c o n t r o l l i n g  paraxetcr t o  b e  u s e d  
i n  a g p l y i n g  t h e  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n ,  ' r n s o f a r  as 
t k e  t h i c f r s e s s  o f  boundary layer is concerned, is t h e  r a t i o  
o f  b o z a i a r y - i a y e r  d e p t h  t o  t h c  d e p t h  of ths s n b z ~ r g e 2  
en t r&I',c e .  

--- 3 oun&rZ=Jqvpr c o q t  r o l ,  - 9 o u ~ d a r y - l z y a r - c o n t r o l  t e s t s  
were n a c e  wlth a s c c t i o n  s l o t  l o c a t e l  a t  various p o s i t i o n s  
d o r i g  t h e  r m F ,  as shown ir figarE: 5. Tlla c i f e c t i v e n s s s  
of t h e  boanLsry-lEyer c o n t r o l  was f o u n d  t o  be b c s t  when t h e  
s l o t  '~73s f o c a t c t :  i n  t h e  ramp D e a r  t h e  i n l e t .  The data 
r , h t z i n c c  w i t h  t h e  best s l o t  ( s l o t  4 ,  f l g .  5 )  a r e  g i v q n  i n  
figures 25 e n d  2'7. These  4 a t a  show t h a t ,  i f  t h e  f l o w  i n  
t k . 9  boundary - l aye r  s u c t i o n  s l o t  is a b o u t  20 p6rcen . t  .of t h e  
f l o w  f u t o  t h c  submerycd i n l e t ,  t n e  b e s t  r e s u l t s  a r e  o b t a i n e d .  
iiokrevF-r, t h e  i n p r o v c a o n t  o b t a i n e d  by use o f  tounc!ary-lzyer 
c o c t r o l  i s  n o  g r e a t e r  t h a a  i s  obtalne6 'by e x t e n d i n g  the .:I 
C e f l e c t o r s .  I t  i s  b e l i e v e d -  t h s t  t h e  u s e  of  e x t e n d e d  
L e f i l e c t o r s  w i l l  s h o w  a n  o;ier-all  i n c r e a s c  i n  a i r p l a n e  : 
performance gr.ccnter t h m  f o r  bcundz ry - l aye r  co3t . ro1.  I t  
i s  expcxctb?Ls  .however, t h a t  , i f  t h c  wali? of t h e  r n n p  , h a v e  n o  
c i v e r g c n c o ,  t h e  c f f a c t i v e n o s s  o f  t h e  boui ias ry- layer  c o n t r o l  
will bt much g r i > & t e r .  

-C. 3 r o e  - X o  drag U ~ : ~ S U ~ C E I C ~ : ~ S  Wsre  ziizdc i n  t h e  g e n e r a 1  i n -  
v e s t i g z t i o a  i n  t k c  - 4 : ~ s  1- by 1.5-foat. winc  c h a n n e l .  I t  i s  
i n p o s s i b l e  t o  L i s t i n g u i e h  bc twecn t h e  e x t e r n a l  s n C  i n t e r n s 1  - 
:'.rag o f  =i s x b x e r g t i  i n l e t  ia t h e  s a x e  i e n n c r  as fcr a n  i n l e t  
iri t h e  l s a l i n g  siige of a wing 'or  s t r e ~ ~ l i n e  bo4.y. N e a r l y  all 
t h e  Rfr which suffers a l n s s  i n  nosecturn ? u e  t o  t h e  presence  
o f  t h q  subiitqrgc; i n l e t  f l o w s  i n t o  t h d  entr-ante of  t h e  d u c t  ' 

F o r  t h e  basic sl;bocrgeP d u c t  I t  m i g ? i t  b e  sai(? t h a t  t h e  1 

e x t t r : . a l  d r ag  i.s a n e g s t i - J t .  o u a n t i t y  s i n c e  t h e r e  p r o b a b l y  1 

is a n  i n p r o v t . i i c s t  o f  t h e  f l o w  bchinri tht-, i n l e t  b c c a u s o  o f .  . 

v t e r e ' t h a t  loss i n  womektulu appears as a p r e s s u r e  l o s s .  .. 

t h e  r t r o v - ' t l  of t h e  b o u n d s r y  ' l a y c r .  . . _  

It i s  e x p c c t o r ' ,  hoir:evcr, t ! i R t  t!16 us5 of ? e f l e c t o r s  w i l l  
r e e i i l t  i n  E O X C  s z x 1 1  e x t e r i i a l  ? r a g ;  bu t  ii v i e w  o f  t h e  large 
i n c r e - a e  ir, p r r s s u r e  r e c o ~ r r y  r r s u l . t i : i g  f r o r n  t h e i r  u s e ,  i t  i: 
be l i eve r ' .  they w i l l  resulCv i n  a lnr,;c n e t  p i n .  - 
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A p p l i c a t i o n  t o  a S p e c i f i c  D e s i g n  
3 '1 * 
5 : 

As acneionc:!  p r e v i o u u l g ,  t h e  r e s u l t s  of t h e  g c n c r a l  
i n v e s t i g a t i o n  were a p p l i e d  t o  a s p e c i f  I C  a i r g l a n c  d e s i g n  a h d  
t e s t c l  oc a 0.25-scale m o d e l  i n  t h e  -k-r?s 7- 5;- ICI-fcot. wind 
t u r l n c l .  Tho s i r p l n n e  u s e d  f o r  t h i s  p u r p o s e  i s  a high-speed 
f i g h t e r  a i r p l a n e  powcred  w i t h  a H n l f o r d  j e t  n o t o r .  Frox; 
t h e  r e s u l t s  o f  t h e  b a s i c  r e s e a r c h ,  t w i n  subnergefi- e n t r a n c e s  

v e l o c i t y - r a t i o  o f  0,70 a t  a n  a i r s p e e 4  o f  475 m i l e s  per -hour 
a t  15,OC;O f e e t  a l t i t u d e .  The i n t e r n a l  ducting was o f  
c o n s t a n 2  a r e a  b a c k  t o  t h e  t w i n  e n t r a n c e s  o f  t f i e  j e t  mo to r .  
Prefisnre l o r i s e s  I n  the d u c t i 3 g  as d e t e r m i n e r ?  from bench  
t e s t s  were f o u i L  t o  b e  10 p e r c e n t  of t h e  G y n ~ ~ i c  pressure 
o f  t h e  a i r  f l c w i z c .  i n  t h e  cluct. V i e w s  o f  t h e  subzerger? 
i n l e t  are silowr, i n  f i g u r e  3 ,  a n d  a d i m e n s i o n a l  s k e t c h  i s  
g i v e n  i n  f i g u r e  28, 

Y21C C e s i g n e - l  t o  --.-- bUtJrlji a ir  t o  t h e  I I a i f o r d  u n i t  a t  a n  i n i e t -  

- ,  Tho r e s u l t s  . o f  t e s t s  made f o r  t h e  b a s i c  submerged  d u c t  
and f o r  t h e  - i n l e t  w i t h  no rma l  d e f l e c t o r s  m e  shown i n  
f igure-  2?. The u s e  o f  t h e  d e f l e c t o r s  a p p r e c i a b l y  i n c r e a s e d  
t h e  . p r e s s u r e  r e c o v e r y  a t  t h e  h i g h  i n l e t - v e l o c f t y  r a t i o s .  
3xtenLing tha e e f l e c t o r s  hail a d e l e t e r i o u s  e f f e c t  on t h e  
p r e s s u r e  r e c o v e r y .  B i c c e  t h e  b o u 3 2 a r y  l aye r  was very  t h i n ,  
t h e s e  r e s u l t s  s u b s t a n t i a t e  t h e  t h e o r y  t h a t  t h e  e x t e n d e d  
d e f l e c t o r s  nny i n p r o v e  t h e  p r e s s u r e  r e c o v e r y  only if t h e  
bounc?ary l a y c r  i s  t h i c k .  ' 

% e  r e s u l t s  o f  t e s t s  i n  which t h e  angle o f  a t t a c k  w a s  
v a r i e d  are shown i n  f i g u r e  30. I t  i s  i n t e r e s t i n g  t o  n o t e  
t h a t  t h e  v a r i s t i o r ,  of  pressure  recovery w i t h  a n g l e  o f  a t t a c k  
i s  small. T h i s  r e p r e s e n t s  a c o n s i d e r a b l e  i m p r o v e a e n t  i n  
f l o w  c h p , r a c t c r i s t i c s  over t h o s e  o b t a i n e ?  w i t h  a n  i n l e t  i n  
t h e  l eac ' . l ng  e d g e  of a w i n g  or s t r e a m l i n e  body. 

1 
i 

The  e s t l i ~ ~ t e ~ ~ ~  v a r i a t i o n  of c r i t i c a l  Mach number 
i n l e t - v e l o c i t y  r a t i o  based  on measured pressures  i s  
f i c u r e  31, The decrease t o  a maximum M c r  o f  0.79 
i n l e t - - v e l o c i t y  r a t i o  of 0.95 f r o z  t h e  v a l u e  o f  0.92 
b a s i c  l i p  6 r e p r e s e n t s  t h e  e f f e c t  o f  t h e  a 3 e i t i o n  o 
c r e m e n t a l  v e l o c i t y  o v e r  t h e  f u s e l a g e .  T h e  c r i t i c a l  

w i t h  a n  
g i v e n  i n  
st an 
for t h e  

t h e  1%- 
s?eed  o f  

t h e  s u b c e r g r l i  i n l e t  i s  much g r e a t e r  t h n n  t n n t  o f  o t h e r  b a s i c  
p a r t s  o f  t h e  a i r c r a f t .  The l i p  use6  W A S  g i v e n  a p p r o x i m s t e l y  
z0 o f  ,'own f3c i i :ar i ce .  

I t  mag be c o n c l u L e d  t h a t  t h e  a g p l i c : . t i o n  o f  t h e  r e s u l t s  
of  t h e  g e n e r k l  i R v e s t i g a t i o n  t o  z s p e c i f i c  C e s i g n  p r e s e n t s  n o  

i 



,? a d t i t i o n a l  p r o b l e n s .  It is conr$CureL, b ~ w a v e p ~  that  t h e  
u& of d e f l e c t o r s  on t h e  subnerge8 Gucf f o r  t k i 6  d o s i g n  was 

e' . 

l 
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3 s t i m a . t i o n  o f  C g m p y e g s i b i l i t y  . +  - .  E f f e c t s  
, . ,  . . a '  : .  

I 

I t  is a n t i e i p a t e l  t h a t  t h e  p r e s s u r e  l o s s e s  o f  t h e  a i r  
'entering the strbl-,c?g:e;! i z l e t  w i l l  b e  a p p r e c i a b l y  g r e a t e r  a t  
[high-speed-flight Mac3 nuqbers  t h a n  t h o s e  m e a s u r e d  for l o w  
s p e c j s  ir. t h e  rese*rch  of t h i s  r e p o r t ,  e s F e c i a l l y  a t  low i n 1  
v e l o c i t y  r a t i o s .  The e f f e c t s  of c o E p r e s s i b l i t g ,  f u r t h e r m o r e  
will vary v i t k :  t h e  t h i c k n e s s  of t h e  boun?ary  layer of t h e  
s y f a c e  . i n t o  which the s u b r i s r g e d  i h l e t  i s  p l a c e d  s i n c e  t h e  
p r e s s a r c  l o s s e s  % % ' t h e  i n l e t  are R f u n c i i o n  of  b o t h  the 
b o x d a r y - l a y o r  t n i c k n e s s  ' a n d  t h e  p r e s s u r e  g r a d i e n t  along ' 
t i l e  r%:,p.  k t  constant i n l e t y v e l o c i t y  r a t i o ,  t h e  e f f e c t  of  
compressibility .is t o  i r L c r e a s e  t h i s  p r a s s u r e  g r a d i e n t .  . 12 
l i e u  o f  h igh-speed  t e s t s ,  i t  i s  p o e s i b l e . t o  e s t i n z s t e  t h e  
Nach n u i b e r  e l ' f e c t s  by c o n s i d e r i n z  t h e  incre : , se  i n  t h e  ramp 
pres sz re  g r r z c i c n t  : w i t h  Nach number e q u i v a l e n t  * t o  t h e  i n c r e n s  
i n  t h e  r m p .  pressure  .grrtf i ient w i t h  d e c r e a s i n g  i n l e t - r e l - o C i t y  * 

. -  _ .  . I .  . r a t i o .  

.Tor a c o i i s t a n t  t o a i ? - e r y - l a y e r  t h i c k n e s s  i t ,  i s  c o n v e n i s n '  

. I  

! 

. , , : -  t o  w r i ; . .  , .. . 
. 4 .  - - ,. 

, . i  . . .  
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The&e c o n c e D t s  o f  e f f e c t i v e  p r e s s u r e  l o s s  a n d  e f f e c t i v e  
i n l $ t - v e l o c i t y  r a t i o  permi t  t h e  u e e  o f  measured low-speed 
p r e $ s u r e  l o s s e s  i n  e s t i n a t i n g  h i g h - s p e e d  p r e s s u r e  l o s s e s  - 
f o r  s i l c i l a r  submerged-duct  d e s i g n s .  The meaPured l o w -  
speed  l o s s e s  a r e  c o n s i d e r e d  t o  b e  e f f e c t i v e  v a l u e s .  I f ,  f o r  
t h e  d?rct d e e i T n  c o n s i d e r e d ,  t h e  v a r i a t i o n  o f  Mach number w i t h  
a i r q e e d  a n d  t h e  v a r i a t i o n  o f  t r u e  i n l e t - v e l o c i t y  r a t i o  - w i t h  
a i r s p e e d  a r e  known, u e e  of t h e s e  d a t a  w i l l  g i v e  a n  e s t i m a t e  
o f  t n e  v a r i a t i o n  of the preasure ? . C C , F E ~ B  at t h e  i n l e t  w i t h  
a i r p p e e d .  

f u n c t i o n  o f  Xach n u n b e r  for v a r i o u s  v a l u e s  of t r u e  i n l e t -  
v e l o c i t y  r a t i o .  
k e e p i n g  t h e  high-speed i n l e t - v e l o c i t y  r a t i o  a t  a r a t h e r  h i g h  
v a l u e  s o  t h a t  t h e  e f f e c t i v e  i n l e t - v e l o c i t y  r a t i o  d o e s  n o t  
b e c o n e  t o o  sna l l .  

Tik-ura 2:' shows t h e  e r r e c t i v e  i n i e t - - r d l o c l t Y  t a t l o  as a 

These  data i n d i c a t e  t h e  n e c e s s i t y  of 

E s t i n i a t i o n  o f  T o t a l  P r e s s u r e  Losses 

In o r d e r  t o  e s t i m a t e  t h e  t o t a l  p r e s s u r e  l o s s e s  up t o  
t l e  face  o f  t h e  j e t - m o t o r  c o m p r e s s o r ,  t h e  f o l l o w i n g  ex-.. .. .. 
p r e s s t o n  nay b e  u s e d :  

V a l u e s  of 11 
d u c t s  or n a : ~  b e  es t ina teCL-f rom e x i s t i n g  d a t a .  
b e  not2C t h A t ,  i f  t h e  i n t e r n a l  d u c t i n g  c o n s i s t s  of  a 
? i f f u s e r  o f  l a r g e  e x p a 3 s i o n  r a t i o ,  t h e  e f f e c t  of t h e  
boundary  layer a l o n g  t h e  ramp w a l l  w i l l  b e  t o  d e c r e a s e  t h e  
d i f f u s e r  e f f i c i e n c y  b e l o w  t h e  v a l u e  o b t a i n e d  f o r  t h e  i d e a l i z e  
e n t r a n c e  c ~ n : ~ f t i o n s .  

nay b e  obta ice : !  f rom bench  t e s t s  of n o d e l  
I t  s h o u l d  

. .  

Oata f o r  U s e  by a D e s i g n e r  

F r o r  t h e  p r e c e c ? i n g  C i s c a s ~ i o n  o f  t h e  r e s e a r . c h  t h e  $01- 
l o v i n g : '  sur;isary may b e  g i v e r :  

> 

1. 2anp  C e s i g n  

( a )  The u s e  o f  d i v e r g e n t  w a l l s  for t h e  ramp improves  
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t h e  p r e s s u r e  recovery t o  sucfi msgr?i tuCe as . 

The c u r v e d  divergence  ahow# f$t "best chnrno- 
Y t o  s a k e  then; man5,a tory  f o r  8 2 1  $Bstallationa. 
5 

,. 
. 3 t e r i s t i c s .  

,(b) The rsmp a n g l e  may be  v a r i e d  u p  t o  1 0 0  w i t h o u t  
i n c u r r i n g  s e r i o u s  pressure l o s s e s ,  For a 
1 G Q  r a n p ,  t h e  p r e s s u T e  l ~ s s e s  are s l i g 3 t l y  
g r e n t e r  t h a n  f o r  l e s s e r  raanp a r ; g l o s .  I f  
a 10° raEp i s  u s e d ,  a l e s s e r  C i v e r K e n c e  s h o u l d  
be u s e d  than f o r  smaller raxp angles. 

2. L i p  c.esigii . 

(3) L i p  s h z p e  6 is satisfactory fro3 t h e  s t a n d p o i n t  ' 

of  c r i t i c a l  s p e e d  and in t e rna .1 - f low l o s s e s .  

(b) The e f f e c t  of incre . s :n ,g  t h e  c l i - re rgence  is t o  
i n c r e a s e  t h e  a n g l e  of  a t t r ; c k  o f  t h e  l i p  a t  
a g i v e n  i n l e t - v e l o c i t y  r i ? t i o .  T k i s  e f f e c t  is 
b e l i e v e d  due t o  i n c r e a s e ? '  d i v e r g e n c e  o f  t h e  
s t r e a . a l i n e s  a t  t h e  e n t r a c c e  r e s u i t i n g  from 
i n c r e a R e d  p r e s s u r e  recovery .  

( c )  The e f f e c t  o f  i n c r e a s i n g  t h e  r m p  a n g l e  is t o  
CecraRse t h e  angle of a t t a c k  o f  t h e  l i p ,  - 

( a >  T o r  any  ramp angle s e l e c t e d ,  s i n i l a r  c r g t i c a l -  
speed c h a r a c t e r i s t i c s  may bo o b t a f n e d  by 
s e l e c t i n g  t h e  p r o p e r  l i p  i c c i r f e n c o .  

( 2 )  T k e  u s e  or" a l i p  submerge3  below t h e  s u r f a c e  in- 
t o  v 'nich t h e  e n t r a n c e  i s  p l a c e d  s o  t h a t  t h e  
l i p  contour becomes t a t i g e n t  t o  t h e  s z r f ace  a t  
i t s  m a x i n u s  t h i c k n e s s  i s  b o l i e v e d  t o  b e  more 
satisfactory t h a n  t h e  p r o t r u i i i n g  l i p .  P u r t h e r  
i n v e s t i g a t i o n  of  t h i s  p o i n t  i s  n e e d e d .  

3. E n t r a n c e  a s p e c t  r a t i o  

( a >  U s e  of z square e n t r a n c e  i n  t h e  p l a c e  of a r ec -  
t a . n g u l a r  one  o f  a s p a c t  r a t i o  4 .0  shows s l i g h t l y  
greater Dressu1.e l o s s e s .  The Bata  c o r e r f n g  
a s p e c t  r z t i o  effe-c:s are z i e a g e r  a n d  f u r t h e r  
r e s e a r c h  is ~ e ~ i ; . e b  for d e t e r a i n i n g  opt imun 
r r spsc t  r a t i o s ,  

f 
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4. Boundary- layer  t h i c k n e s s  s c 
.;( a )  I n c r e a s i n g  t h e  boadary--layer t h l c k n e s s  appreciably 

. %  redaces  t h e  p r e s s u r e  recoverjT.  T h i s  loss may - 
be redvlced bg i n c r e a s i n g  t h e  l e n g t h  of t he .  
d e f l e c t o r s  a l o n g  t h e  t o p  of  t h e  r m p  walls.  

S.  l joundciry- layer  c o n t r o l  

(a) The G S B  c;f bo~ndary-ls7sr c ~ r ? t r ~ l  peeds  f u r t h e r  
i n v e s t i g s t i o n .  Por  t h i c  'oc;uadary l a g e r s  t h e  
u s e  o f  d e f l e c t o r s  is S e l i e v e d  s u f f i c i e n t  t o  
i n s u r e  good  p r e s s u r e  r e c o v e r y .  

( a >  A r o u g h  a p p r o x i n a t i o n  of  Rach nuaber  e f f e c t s  
s u f f f c i o n t l y  a c c u r a t e  f o r  Ces ign  p u r p o s e s  may 
be Eade by u s i a g  t h e  1ot.r-speed pressure-loss 
c h a r a c t e r i s t i c s  a s  effec2ive vAluas  which a r s  
c o r r e c t e d  f o r  Rach nu-rber effects. 

In order t o  a a k e . t h e  r e s u l t s  o f  t h i s  r e s e a r c h  a v a i l a b l e  
i n  a c o c v e n i c n t  form, t h e  f o f i o v i c a  d e s i g x  d a t a  h a v e  been 
prepare6  f r o m  res-alts o b t a i n e d  by me i su re -xen t s  o f  p r e s s u r e  

p r e s s u r e  1 0 s F e s  a t  t h e  cntr%:.ce f o r  subnerfed e n t r a n c e s  w i t h  
ranp a z g l e s  IJ-;) t o  10' Y . - * ' , t 3  d i v e r ; e n t  ranp walls e a a i v a l e n t  
t o  t h o s c  o f  c!ivcrcerces 3 s x d  4 ui' t h i s  roport, T h e  l o s s e s  
Vere n e a s u r e d . u i t k  l i p  6 out m a y  be u s e d  w i t h  .tnq l i p  design 
% h a t  d o e s  TLot c a u s e  s t a l l i 2 g  of t h e  i n t e r l l z l  f l o v  from t h e  
inne l .  suryase o f  t h e  u ~ j p e r  l i p .  , 

I L O S S ~ S  a t  t ' re  d u c t  e n t r a 2 c e  w k i c r  may %e asctd t o  e s t i a a t e  

c 

Pressure- loss  da ta  f Dr t h e  air e s t e r i n s  t h e  s n b a e r g e d  
i n l e t  are g i v e n  i n  f i g u r e  33 fQr t h e  b a s i c  s u b n c r e e d  i n l e t  
~ i t 3 o u t  d e f l e c t o r s  f o r  t h s  t h i s n e s t  bounds ry  l a y e r  which h a d  
a tot31 d e p t h  of 0 . 8  of t h e  d s c t  dep3h.  

- F i g u r e  c 4  p r e s e a t s  d a t a  f o r  t h e  3a . s i c  duct  e n t r a n c e  w i t h  
z o r c s l  d e f l c c t o r s  wlth t h e  sarne b o i l n c a r y  layer 3s f o r  f i g u r e  
73. - -  

Z i g u r s  35 prcsell-ts d a t f  for t h e  3asic s u b a c r g e d  e c t r a n c e  
w i t i i  e x t e n d e d  d e f l e c t o r s  f o r  a boundxry-lalrer : h i c h e s s  t o  
duc t -dcp tk  rat20 of  1.3. 

J ' igure  56 prcsentr? d s t n ,  f o r  t ' b e  b a s i c  s ~ b ; 3 e r g e d  entrance 
*::it\ c x t s n a e d  deflectors f o r  a boundq,ry- laFer  t i l i c h e e s  t o  
&uct-der, tf i  r a t i o  of 1 . 5 .  

c- 
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These  d a t a  are v a l u e s  d e t e r m i n e d  by i n t e g r a f t o n  o f  COD- 

t o u r s  of p r d s r u r e  lcss i n  t h e  eatranee lor $Lc+ average i n l e t -  
v e l o c i t y ' r a $ i o  o f  t h e  e n t r a n c e .  

C r i t i c s l - s p e e d  c5aracteriotics o f  t h e  Xi? aFe gi-fer, i n  
f i c u r e  3 7  f o r  t h e  l i p - a a g l s  r e l s t i o n  w i t 2  ranp a n g l e  shown. 

Design -- c o n s f d e r n t : o 2 s  ---------- forJet--p=.opel led -I- --.----- a i r c r a f t .  - The 
design of s u b u e r g e d  e n t r i e s  for- t h e  a i r p l a n o ' o f  €;*re 38 i s  

s a r y  f o r  a s u c c e a f i f u l  s u b x e r g e d - i n l e t  design. T h i s  air-  
p l a n e  9 s  p o w e r e d  w i t h  a 30r)G-sound static-thrust j a t  n o t o r  
r e q u i r i r , g  50.1 pounds of  a i r  >e? s e c o n d  a t  aa a i r z p e e d  of 

' 5 E C  :ziLcs p c r  h o c *  a t  25 ,000  f e e t  altftudo. The air e n t s r s  
t t e  j e t  m o t o r  a t  a y e l o c i t r  o f  335 f e e t  per  s e e o n & ,  

The  l o c a t i o n  of t h e  entrance a k e a d  of t h e  w i n g  o n  t h e  
f l z t  s i d e  of t h e  fuseloge is d e s i r a b l e  b e c a u s e  of t h e  t .h in  
b o u n d o q  l aSe r  t h a t  e x i s t s  i n  t h i s  region a n d  because tho 
influexce of t h e  v e l s c i t y  f i e l d  o f  t h e  wing  i s  minimized .  
I n  g e n e r a l ,  i t  is b e l i e v e d  good p r a c t i c e  t o  l o c a t e  s u b z e r g e d -  
a i r  i n l e t s  i n  a r e g i o n  of  r e l a + , i r e l y  l o w  v e l o c i t y .  T3e 
a t t a i n m e n t  of a h i g h  c r i t i c n l  s p e e d  € o r  t h e  l i p  ia n a d e e a s i e r  
G ~ Y L C S  t h e  i n c r e m e n t a l  v e l o c i t i e s  a r e  smaller and t h e .  
i n i t i a l  v e l o c i t y  of t h e  air, which  1s gloved down on e n t e r i n g  
t h e  d u c t ,  is l e s s  t h a z  f o r  R h i g h - v e l o c i t y  r e g i o n ,  r e s u l t i n g  
i n  a l e s s  s e v e r e  p r e s s u r e  g r a d i e n t  a n d  n h i g h e r  p r e s s u r e  
r e c o v o r y .  

+ .  
I 

d i ~ c u ~ s e d  t o  ?:Znst~.atc t i l e  c ~ a s i d e r a t i c n g  b e i i e v 3 4  neces- 

r 

TLe s o l c c t i o . :  o f  t w i n  e n t r a n c e s  l o c a t e d  o n  t h e  s i d e s  of 
t h e  f u s e l a g e  i s  d i c t s t e d  by space  c ~ ~ ~ ~ i d o r s t i o n s .  I t  is 
p o s s i b l e  t h a t  n single e n t r a n c e  could be p l a c e d  i n  t h e  
bot tom o f  t h e  f u s e l a g e  t h o u g h  t h i s  i s  o b j e c t i o n a b l e  b e c a u s e  
s t c s e s  o r  d e b r i s  m ~ y  b e  thrown i n t o  t h e  e a t r x n c s  by t h e  
n o s e  w h e e l .  I t  should be n o t e d  t h a t ,  f o ?  a &ldn--duct 
~ ~ s t ~ l l a t i o n ,  t h c r e  i s  clan::er of  f l o w  i n s t a b i l i t y  o c i o w r i n g  
w i t h  c o n s e q u e n t  d u c t  r u m b l e  i f  t 3 e  inlet--veloci t :T r a t i o  In 
any  f l5 i : f ; t  c o a d f t i o n  ?.ells Se low t h e  v a l u e  for n a x l m m  
p r e s s u r e  r a c o v e y y .  This c o l i d i t  ion, w h e s  i t  e x i s t s  , is 
u s a a l l y  found  i n  g l i d i n g  or d i v i n g  f l i g h t  w i t h  t h e  z o t o r  
t h r o t t 1 E . d  o r  o f f .  T i l e  : n s t a b i l ' t g ,  x'nic'n consists of flow 
i n t o  or-e e n t r a n c e  a z d  o u t  o f  t h s  O t h e r ,  map b e  e l i m i n a t e d  
by c l o s i n g  off 0 3 e  e n t r s c c e  fin t h e s e  f l i g h t  c o n d i t i o n s  07 

bg anaBir?g t h e  r3:ips o f  t h e  e r , t r : i rces  rnovsble  s o  t h a t  t h e  
e n t r ? . x c e  a r e e  XC-LX b e  r e d u c e &  2nd ti--e 5 n l e t - v e l o z i t y  ratio 
i n c r e a s e d .  %he i n s t a b i l i t y  nay a l s o  be r e n o v e d  by p r o v i d i n g  
s n a l l  s ? o i , l e r s  i x  e a c h  duc+ , :uh ich  aye  a c t u a t e d  when t h e  
t h r o t t l e  i s  c l o s o d  o r  by proriOfng a i r  b l e e d  i n  t h e  c r i t i c a l  
flight, c o n d i t i o n s .  



i a  

T ? ~ d s - i n s t a b i l i t g ' o f  f l o w  has been fouxid for o n l y  &a- 
~ 

--- duck b s t a l l a t i o n s  and i s  a function o f  $'re p o s ~ 5 ~ v ~  

S f a i l a r  i n s t R b i l i t g  c o n s i s t i n g  of f l o w  i n t o  o n e  s i d e  o f  the 
e n t r a n c e  and out of t h e  o t h e r ,  o f  c o u r s e a  may o ' s c w  w i t h . a  
s i p g l e  e n t r a r i c e  i f  t h e  t o t a l - h e a d  p r e s s w e  d i s t r i b u t i o n  
a c r o s s  t h e  e n t r a n c e  v a r i e s  g r e a t l y  a t  rioy i n l e t - v e l o c i t y  
r a t i o .  S u c h  a c o n d i t i o n  nay be e l i m i n a t e d  by th i?  p r o p e r  
 election o f  t h e  e n t r a n c e  I o c s t i o n .  

v n r i s t 5 o n  of  p r e s s u r e  r e c o v e r y  w i t h  i n l e t - v e l o c i t y  r a t i o .  '1, 

L 

T h e  e c t r a n c o . s e f e c t e d  for t h e  ~ i r p l ~ i i e  o f  f i g u r e  38 
c o z s i s t s  of E 7 0  razp w i t h  c u r v e d  d i v e r g e n t  wal l s  similar 
t o  d i v e r g e n c e  4 .  L i p  6 was u.scd a n d  w a s  g i v e n  3 O  o f  down 
i n c i d e n c e .  k \ i gh- speed  i n l c t - - . r e l o c i t g  r 3 t i o  of 0 . 7  was 
s c i e c t e d  t o  g i v e  h i g n  c r i t i c a l  s ~ ~ e d  wit5 E y ~ o &  p~'essm'e- 
r t . cove r ;y  c h z r n c t o r i s t i c s .  T h i s   election T i x e d  t L e  d i f f u s e r  
e x p n n s i o n  z t  1 .5  t o  1.0. S i n c e  t h e  boandzry- layer  t h i c k n e s s  
calculated 109 t h e  n e t h o d s  o f  r e f a r e n c e  5 W r 2 S  f0ur.d t o  b e  I 
l e s s  t h a n  t h e  t h i l i c e s t  b o a s d z r p  t e s t e d  i n  t h e  r e s e a r c h  I 

c c v e r e d  by t h i s  r e p o r t ,  t h e  d a t a  o f  f i g u r e  34 were used t o  I 
e s t i n a t e  t h a  v a r i r ? . t i o n  of pressi lro r e c o v e r s -  w i t h  inlet- 
v e l o c i t y  r n t i r J .  

Sipure  39 shows t h e  v a y i o t i o n  o f  t h e  i n l e t - v e l o c i t y  
r a t i o  w i t h  c ? i r s D c e d  a t  Z5,OOQ f c e t  a l t i t u d e ,  The e f f e c t i v e  I 
i n l e t - v e l o c t t : :  r c t i o  a r a  t k e  Mnch number - J ? r i a t i o n  w i t h  air- 
s p e e d  z l s ~  are s,-lven. I 

Figure d o  s h o w s  b o t h  t h e  s s t i n z t e d  p r s ~ u r e  l o s s e s  a t  
t h i j  clilct e l ; t r a n c s  for t k i s  c o n d i t i o n  ard t h e  t o t a l  losses t o  
t h e  e n t r a n c e - ~ ?  t h e  :e t  g o t ~ ; ~  f o r  al l  assu?Jled e f f i c i e n c y  o f  
t t e  i n t e r z n l  ' d u c t i n g  o f  85 p e r c e n t .  

. -  
s ' i e l d  o f  U s e  f o r  S u b n e r g e d  i a l e t s  

The r e s u l t s  j u s t  d i s c d s s e d  g i v e  s o m e  l n d i c z t i o n  of t h e -  
e .  

u s e f u l n e s s  of submerged inlets r e l a t  i r e '  t o  o t h e r  i n l e t  
t q e s .  The anbnerge6- f c l e t  is e s s e n t i a l l y  a h i g h '  i n l e € -  
v e l o c i t g - r + t l o  t y p e  i n  c c n t r a s t  t o  wing-leadin?-edge 
and f c s e l a c e - - n o s e  f n l e t s .  This c h a r ? . c t c : i s t i c  l i m i t s  t h e  
x o s t  e f f i c i e t l t  l i se  of snbnarged  i n l e t s  20 f n t e r r a l  f l o w  
s y s t e m s  which  require only a small anouat ,  o f  d i f f u s i o n ,  
s u c h  as t h e  i n t e r n a l  ducsin; f o r  j e t  n o t o r s  o f  t h e  a r i a l -  
flow t y p e .  

Su3ncr&ed  i r l e t s  d o  not appesr  t o  hsve d e s i r a 5 l e  p r e s s u r e -  
r c c c v e r r  c h a r a c t e r i s t i c s  f o r  use i n  sup?l:cinS c l r  t o  o i l  
c o o l e r s ,  r a d l y t o r s ,  o r  carburetors o f  c o n v e n t i o n a l  r e c i p r o -  
c a t i n $  e n g i n e s .  The r e q u j r e 3  d i f f a r i o n  o f  t h e  a i r  Rnd t h e  
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r a n g e  of i n l e t - v e l o c i t y  r a t i o s  i s  t o o  g r e e t  t o  g i v e  d e s i r -  I 
a b l e  c h ? r r . & e r i s t i c s  a t  a l l  f l i g n t  c o n d i t i o n s .  
b e  n o t e a  " $ s o  t h a t  for j e t  aro tors  which  ccnsuaie a i r  a t  low 
c e l o c i t j -  €fbn a plenum chamber,  f u s e l a g e - n o s e  i p l e t s  mgg 
prcive t o  b e  s u p e r i o r  t o  submerged f n l e t s  ir\.sofar 8 s  
p r e s s u r e  losses are c o n c e r n e d .  

I t  s h o u l d  

I n  c o n c l u s i o n ,  i t  s h o u l d  be s t r t t e d  t h a t  submerged  en- 
t r a n c e s  h a v e  a d e f i n i t e  r l d v m t a p e  over o t h e r  i n J e t  tgaes  
f o r  c e r t a i n  i n l e t  ar?d a i r - f l o w  r e q u i r e m e n t s .  The d e s i g n  
o f  s ~ c h  i n l e t s  i s  n o r e  c r i t i c s 1  than that o f  o t h e r  t y p e s  
b e c s u s c  cf t h e  e f f r c t s  of hcundsry--lsy,er thickness a n d  l o c a l  
v a l o c i t y  fields. The design d a t a  p r e s e r t e d  z a g  be u s e d  t o  
g i v e  an  a c c i w a t e  e s t i n z t e  o f  t h e  c h a r a : c t e r i s t i c s  of R 
subnergcd-dut:t e n t r 2 n c e  which d o e s  n o t  C e p s r t  g r e a t l y  from 
t h o s e  s t u d i e r ?  h e r e i n ,  p r o v i d e d  (1) t h a t  t k e  boundary- layer  
t h i c k n e s s  i s  c o n s i d e r e d  in t e r m s  o f  t h e  d u c t - e n t r e n c e  d e p t h ,  
rind ( 2 )  t h a t  t h e  i n l e t - v e l o c i t y  r a t i o  usea i n  e s t i r n 2 . t i n g  
c h a r a c t e r i s t i c s  5 s  b a s e d  on t h e  l o c s l  v e l o c i t y  o v e r  t h e  
s u r f a c e  i n t o  which  t h e  e n t r a n c e  1s p l a c e d .  

C G3 'CL'JS IOSS 

The r e s u l t s  of t h e  i n v e s t i g a t i o n  o f  submerged  a i r  i n l e t s  
show t h a t  

1. Xigh  pressure r e c o v e r y  a t  the subr;.srge& e n t r a n c e  mas 
b e  o b t p i n e d  a t  i n l c t - T e l o c i t ?  r - z t i o s  less t h a n  u n i t y  (VAtV0-0.7) 
f o r  t h i n  b o u n e a r y  layers . 

2. The r e d u c t i o n  o f  p r e s s u r e  r e c o v e r y  r e s u l t i n g  f r o m  
/ t h i c k  b o u n d a r y  layers n a y  be m i n i m i z e d  by u s e  of d e f l e c t o r s .  

3 .  High c r i t l c o . 1  c o n p r e s s i b l i t y  speeds  ( l f c r  0.81 
1 -. may b e  o k t z i r ? s d  7:;itkout s a c r i f i c i n g  i n t e r n a l - f l o w  c h a r a c t e r -  
I i s t i c s  a t  h i g h  i n l e t - v e l o c i t y  r q t i o s .  
'\ 

4 .  The  r a r i s t i o n  o f  pressure  r e c o v e r y  a n d  c r i t i c a l  s p e e d  
w t t h  a n g l e  o f  a t t a c k  a t  c o n s t a n t  i n l e t - v e l Q c i t y  r a t i o s  for 
f u s e l a g e  s i d e  e a t r p n c e s  i s  smz l l ,  a c h a r x c t e r i s t i c  which 
n a k a s  subz icrced  e n t r s n c e s  n o r e  d e s i r a b l e  t h a n  wing-lea&ing-- 
edge i : i l e t s  for n a n e u v e r i n g  a i r c r a f t .  

c 
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4 COEPF I C IElJTS A I D  SYMBOLS 
5 ‘  

. %  

I d i s t a n c e  a l o n g  ramp 

H t o t a l  p r e s s u r e ,  l b / r q  f t  

p s t a t i c  p r e s s u r e ,  l b / a q  i t  

V v e l o c i t y ,  f t / s e c  

p a i r  d e n s i t y ,  8 l u g s / c u  f t  

q dynamic  p r e e s u r e  (1 /2pv2) ,  ~ b / s q  f t  

P p r e s s u r e  c o e f f i c i e n t  (pi - p o ) / q o  

OH loss i n  t o t a l  p r e s s u r e  (HI, -Ho), n / s q  ft 

TI d u c t i n g  e f f i c i e n c y  

‘ID d i f f u s e r  e f f i c i e n c y  f a c t o r y  1 - (AxD/qA)  

H Mach number 

Idcr c r i t i c a l  Mach number 

a a n g l e  o f  a t t a c k  o f  model w ing ,  d e g  

Subs  c r  i p  t 13 

A s t a t i o n  a t  t h e  d u c t  e n t r a n c e  

L s t a t i o n  a t  which t h e  p r e s s u r e  measu remen t s  were made 

o f r e e  stream 

a v  a v e r a g e  o v e r  d u c t  s e c t i o n  

D d i f f u s e r  

c compr e s a  i b l e  

i i n c o m p r e s s i b l e  
b 
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NACA ASR No. 5120 - 
TABLE I I ( b ) . -  ORDINATES FOR SUBMERGED 

' LIP 6 IN INCHES 

S t a t i o n  

0 
25 
50 
75 

1.00 
1.50 
2.00 
2.50 
3.00 

23; 
4.50 

O u t e r  I n n e r  
surf ace surf ace 

-0.240 
4 1 8 7  
-037 
0.012 
0 
0 
0 
0 
0 
0 
0 
0 

-0.240 
-.46Z 
0.537 - 97 - 227 
-.692 
0.757 
-.sly 
4 3 7 9  - .94O 

-1.002 
-1 .O64 

1 Leading-edge r ad ius  = 0.125 I 

Note: For location of r e f e r e n c e  l i n e ,  
6ee f i g u r e  15(b). 



F 

SAGA ACR Eo. 5x20 
1- d 

. . . . . . . . . . .  
4 3ss(3\(vLno I I I I I I I 
4 k Lnw--;f.3 1 I 1  I I I 

" ' . * * I  I I 1 1 1  
1 1 1 1 1 1  x:" 0 

1 J 

25 

r 



- NACA ACR No. 5120 

E P 



1 

i 
I 

Fig. 2 - 

Y L  

0 

d) 



. 

. 

NAOP ACR l o .  5180 

(a) View with normal deflectore. 

(b) V i e w  without deflectore. 
Figure 3.- Submergedduct ipetallatioa 00 a 0.$6-rorle model 

of I, fighter sirplane. - 

Fig, 3 
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[/ - P l w e  of praesure-aurrey tubes 

.*wra 4.- Location of prarsurtaurrey tubes in the e n t r w a  of the submerged-duct 
emtry. - 

I s t rut  of d r a n c e  ramp,, 

120 

7.1' 

Blot 
depth 

Slot number 1 

= 1/8* 

Slot  
depth Slot number 2 = 1/8" 

s l o t  
deoth Slot  number 3 
= 3/B' 

Slot  nunber 4 

l i y r e  5.- Sectlona- view of eubmergsd-duct entry shoring boundary-layer-control s lot8  
tes ted  . 
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RACA ACR lo. 5120 

-4 0 4 8 1: 16 20 
Distanoe from start  of entrance ramv. i n .  

( a )  Effect of ramp angle. ( b) - E f  f ect of l n l e t  -velocity rat io .  

Figure 14.- Tne oreseure gradient alone the ram f loor .  
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YACA ACR BO. 5120 Fig. 15 

Lip number. 1 

/ 

-- 7-- 

PATIOIIAL ADVISORY C O U I ? T S E  
FOR AEROBAUTICB 

Tlgure 15.- Lip ahapea teated w i t h  tne subaerged duct .  
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0 .2 - 4  .ti .B 1 .o 1.2 1.4 1 .e 
Distance from leading edge of l i p ,  in.  

zero incidence for a 7O ramp -lei boundary layer 1.  
Figure 16.- Pressure distribution for various inlet-velocity ratioe with l i p  6 a t  
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T i p .  17.- Prereurc dirtribution for various inlet-velocity ratioe w i t h  l i p  6 
at -30 incidence; 7 O  ramp angle; boundary layer 1. 
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IACA ACR BO. 5120 Fig. 19 
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0 .2 .4 .6 .8 1.0 i a  1.4 1.6 
Dietance from l c d l n g  edge of  l i p ,  in 

Figure 19.-  Prbseure dlrtribution for varioue in le t -ve loc i ty  rat ios  with lllp 6 at 

d.0 - 

Lero incidence for a !io ram M g l e i  bounduy layer 1. 
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pigura a0.- Pressure diRtribUtiOn for varioue inlet-velocity ratio. wi th  l i p  6 at 
zero incidence for a 10' ramp angle;3poundary layer 1. 
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Figure 30.- DynamlC-PreSEure recovery of the .25-scale c model of  a f ighter airplane r i t h  8ubmerged-duct entries .  - 
I 



T i m a  31.- Vui8tion of c r i t i c d  YIch nuxber mith  inlet-velocity r 8 t i O  for the rubsergedduct 

COndltiO~. 
i ~ t r l l 8 t i o n  on the .&-ociLa .ode1 o f 8  fighter 8itpl-e; -tch& operati- 

Figure 32.- fUi8tiOn Of effective in le t  velocity w i t h  Mach nruber. - 
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Tlme 35.- V u i r t i o n  of effect ive entrlnce-dynrmic-penaura loaoer w i t h  e f fect ive  inlet-  
velocity rrtio; no deflector.. 

IAtIOlAL ADVI8oRT COMMIRZE 
MR AERODAUTICS 

i 

Tlgure SI.- Variation of effect ive entr.nce-dynsnic-proonure lonees with e f f e m e  inlet-  
velocity ratio;  normal deflector.. 
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Figure 35.- Variation of effective entrance-dynamic-pressure loaaea d t b  offootire inlet- 
volocity ratio; extended aeYlsctore; boundary Sayer a .  
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* Figure 36.- Variation of effective entranCe-dynamiC-DreRSUrC losses w i t h  effectire inlet-  
velocity ratio, extended deflectors; boundary layer 3. 
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PACA ACR No. 5120 - Fig. 37 
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Figure 37.-  The variation of the angle cf l i p  6 with ramp angle 

characteristice.  
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NACA ACR No. 5120 - Fig. 38 
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Figure 39.- Variation of inlet-velocity rat io  and free-etrem Mach number w i t h  velocity 

1.389 square f e e t .  
for a fighter-type aircraft operating at 25,000 feet ;  duct entrance area - 

Figure 40.-  Vviat ion of estimated duct pressure losses w i t h  inlet-velocity rat io  for a 
fignter-tyne aircraft  operating at 25.000 f e e t ;  ducting eff ic iency,  . 05 .  


